Methane dissociation on the steps and terraces of Pt (211) We report quantum-state resolved measurements of angular and velocity distributions of the associative desorption of H 2 , HD, and D 2 from Cu(111) and Cu(211) surfaces. The desorbing molecules have bimodal velocity distributions comprising a "fast" channel and a "slow" channel on both facets. The "fast channel" is promoted by both hydrogen incidence translational and vibrational energy, while the "slow channel" is promoted by vibrational energy but inhibited by translational energy. Using detailed balance, we determine state-specific reaction probabilities for dissociative adsorption and compare these to theoretical calculations. The results for the activation barrier for the "fast channel" on Cu(111) are in agreement with theory within "chemical accuracy" (1 kcal/mole). Results on the Cu(211) facet provide direct information on the effect of increasing step density, which is commonly believed to increase reactivity. Differences in reactivity on the (111) and (211) facets are subtle -quantum state specific reactivity on the (211) surface is characterized by a broader distribution of barrier heights whose average values are higher than for reaction on (111). We fully characterize the "slow channel," which has not been found in theoretical calculations although it makes up a large fraction of the reactivity in these experiments. Published by AIP Publishing. https://doi.org/10.1063/1.5025666 .break
I. INTRODUCTION
Hydrogen chemistry at metal surfaces has been an active research field at least since Langmuir's discovery in 1912 that an activated form of hydrogen is formed on hot tungsten filaments. 1 The dissociation of hydrogen on Cu(111) surfaces is of particular importance as a benchmark system for the development of predictive theories of surface chemistry. Theoretical calculations are now believed to have reached "chemical accuracy." 19, 27, 28 (Calculated barrier heights to reaction are believed to be accurate to within 1 kcal/mole.) Experimental studies of both dissociative adsorption and recombinative desorption also make this reaction one of the best characterized in all of surface chemistry. One particularly useful experimental method exploits hydrogen's propensity to permeate metals when heated. Dissociation of high pressure hydrogen on one surface of a thin copper crystal followed by atomic diffusion through the hot metal provides a simple way to produce a "smart-leak" where the molecules appearing in the vacuum chamber are the nascent products of the recombinative desorption reaction. Using resonance enhanced multiphoton ionization (REMPI) in combination with field-free ion time-of-flight (TOF) measurements, a) Present address: Institute for Molecules and Materials, Radboud University, Heijendaalseweg 135, Nijmegen 6525 AJ, The Netherlands.
quantum-state resolved translational energy and angular distributions of the reaction products can be obtained. 37, 39, 43, 47 By varying the REMPI laser polarization, the preferred rotational alignment of the desorbing molecules can also be observed. 50 The principle of detailed balance allows the results of these desorption experiments to be directly inverted to the quantum-state, incidence energy and rotational alignment dependent adsorption probabilities for comparison with theory. 27, 29, [53] [54] [55] To test the claim of chemical accuracy, possible systematic errors in experiment must also be considered. 27 For this reason, we set about to construct an improved permeation experiment and we report here the results of that effort. Specifically, we have obtained quantum-state resolved field-free ion TOF data for the three most common isotopologues of hydrogen formed in the recombinative desorption reaction on flat Cu(111) and stepped Cu(211) surfaces. The TOF data are easily converted to the associative desorption product flux as a function of translational energy using the principle of detailed balance. In the supplementary material, we present a comprehensive set of results that we believe to be the most accurate experimental data on these reactions. These translational energy distributions of the products of associative desorption are bimodal comprising a "fast channel" and a "slow channel." For the fast channel, results from these experiments agree with theory within chemical accuracy. In fact, these data agree better with theory than that from previous measurements. 43, 47 Our results on Cu(211) show that barrier heights are higher than those for Cu(111), but the width of barrier heights is broader in comparison to the reaction on the (111) surface. This is consistent with recently published work showing the Cu(211) surface to be less reactive to H 2 than Cu(111). 52 The "slow channel" 51 has not been explained by theory, yet it occurs on both copper facets with a comparable yield to the "fast channel." We discuss possible mechanisms consistent with the observed dynamics of this still-unexplained reaction.
II. EXPERIMENTAL SETUP

A. General
The experimental setup has been described previously 56 and is a reproduction of the setup of Michelsen et al., 39, 43 with subtle but significant improvements. A schematic drawing is presented in Fig. 1 , and a more detailed description of the setup and procedures is presented in the supplementary material, Sec. S.1. Hydrogen is supplied to a single crystal surface by permeation through a thin membrane held at 923 ± 3 K, except when indicated otherwise. The flux of nascent molecules desorbing on the ultra-high vacuum (UHV) side is probed by resonance-enhanced multiphoton ionization (REMPI), allowing for quantum-state selective detection. These ions drift through a nominally field-free Faraday cage assembly and their TOF distributions are measured. From these, the product kinetic energy distributions are determined. Figure 2 shows the surface structures of both facets of copper studied in this work. The (111) facet is shown in panels (a) and (b) and the (211) facet is shown in panels (c) and (d). The unit cells of each surface are indicated in red as are various important crystallographic directions. In panel (d), the exposed surface micro-facets are highlighted; terraces of (111) (blue) consist of three rows of atoms, followed by a single (100)-step (green). The (111) terraces are tilted relative 
B. Surface structures
III. METHODS
A. Calibration
In the field-free ion drift method, the transformation between TOF and kinetic energy is based on their inverse quadratic relationship. The fact that the measurement is made with equally spaced points in the time domain results in an uneven sampling of the kinetic energy over the energy range of interest (0-2 eV). Ions with low kinetic energies are dispersed over a long TOF interval, which increases the resolution but decreases the detectable signal. Furthermore, slow ions spend longer times in the drift region, which potentially subjects them to greater loss or perturbation from stray fields. Such effects have previously been described with a "cutoff-function," 43 which describes the gradual decrease in ion detection efficiency as kinetic energy decreases. In this work, we also use a cutoff-function but of a slightly different functional form based on the kinetic energy E kin of the molecules,
(1) Here, the parameter E Min gives the minimal kinetic energy molecules need to be still detectable and the parameter E Slope is a measure of how quickly the cutoff-function decays. We found that these parameters usually had values ranging between E Min = 5-20 meV and E Slope = 60-200 eV 1 , which means that ions having more than 200 meV of kinetic energy were detected with uniform efficiency. These values are presented as ranges because various versions of the Faraday cage were used, and the cutoff function changed slightly between experiments, mostly due to the degradation of the coating quality of the meshes from excess heat or when exposed to air upon sample exchange.
Calibration of the TOF setup was conducted by means of a Knudsen cell. The measurement of effusive TOF distributions of H 2 and D 2 at several temperatures (300-800 K) provided a data set for determination of the calibration parameters E Min and E Slope . We also derive the current drift length (x 0 ) resulting from the daily laser alignment and a constant time offset (t shift ), which describes the transit time of ions after they leave the field-free region and travel through the collection optics under the influence of extraction fields. An illustrative calibration data set is shown in the supplementary material, In comparison to the experiments of Michelsen et al., 39, 43 this study used additional information to obtain the t shift parameter more accurately. Here, we used a high-speed switch to raise the extractor tube from ground to the extraction voltage several µs after the REMPI laser pulse, at which point the fastest ions had already left the field-free drift region and entered the still field-free section between the Faraday cage assembly and the extractor. Upon switching, these ions were accelerated immediately, resulting in a sharp initial peak in the measured TOF distribution, while ions still in the field-free drift region were not disturbed. Using several laser-extraction delays and three hydrogen isotopologues (H 2 , HD, D 2 ), velocity-independent t shift values for each isotopologue were obtained, as shown in the supplementary material, Fig. S.4 . The ratio of those values was consistent with the ratio expected from the mass to charge ratio (m/z) and was referenced to H 2 ,
Obtaining t shift in this way allowed for a more constrained fitting of the calibration data and represents an important improvement of the calibration methods used previously. 43 More details are presented in the supplementary material, Sec. S.2.1. In addition to using Knudsen cell data to obtain x 0 , for some experiments, we used a previously measured TOF distribution of a desorbing species in a specific quantum state as an internal reference. The TOF of the desorbing species in this state had been calibrated against numerous Knudsen measurements. Once the sticking function for this state is determined carefully, the fitting procedure can be modified to determine x 0 from successive permeation measurements. This was particularly useful for comparisons of permeation from Cu(111) and Cu(211). For these experiments, both copper samples were mounted on the manipulator assembly, one of them replacing the Knudsen cell. Without the Knudsen cell, it was impossible to determine the parameters of the cut-off function [Eq. (1)]. While the fast channel is not sensitive to the cut-off function, the slow channel is. Therefore, we tested the performance of the field-free region by measuring TOF spectra of thermal background (see Sec. S.2.4 of the supplementary material). Under optimal conditions (E Min = 0 meV and E Slope 1000 eV 1 ), the background TOF could be fitted with a Maxwell-Boltzmann distribution, indicating that the influence of the cut-off function was small even for the lowest ion speeds of this work. We restricted our analyses of the slow channel to data obtained under such conditions.
B. Detailed balance
The principle of detailed balance quantitatively relates the associative desorption to dissociative adsorption. 27, 37, 39, 41, 43, 45, 47, 51, [54] [55] [56] [57] [58] [59] [60] The desorption flux distribution f (v, J, T s , E kin ) is related to the sticking probability S(v, J, T s , E kin ) by the following equation: 37, 39, 43 
with the Boltzmann constant, k b , the surface temperature, T s , and a constant factor, K. The form of the sticking function is discussed in Sec. III C. Equation (3) assumes desorption at the surface normal. Previous D 2 /Cu(111) desorption experiments required averaging over a finite width of desorption angles deviating from the normal. 27, 37, 39, 43 In our experimental geometry (7 • halfcone acceptance angle), the effect of angular averaging is negligible.
To apply Eq. (3) to our experimental results, we must include a density-to-flux conversion, which includes the density dependent ionization probability, P(v, J, T s , t), 37, 39, 43, 47 
with a new constant factor K .
C. Sticking functions
Sticking functions have often been assumed to be sigmoidal and symmetric. 37, 39, 43, 47, 51, [57] [58] [59] [60] [61] [62] But symmetry is not intrinsic for the distribution of barriers. 27 Improved results can be achieved by using more sophisticated functions, 27, 51 but this requires a larger number of fitting parameters. In order to simplify comparison to the literature and reduce uncertainty in the derived parameters due to error correlation, 24, 51 we chose to apply the simple error function form to describe the fast channel,
(5) Here, three ro-vibrational state dependent parameters are needed: A(v, J) (the high kinetic energy saturation value), W (v, J) (the width of the curve), and E 0 (v, J) (the kinetic energy where S(v, J, E kin ) is half of the saturation value).
In some of the measured TOF distributions, a thermal background is also apparent, particularly for experiments detecting v = 0 molecules. This contribution can be subtracted in the fitting procedure, as described in Sec. S.2.4 of the supplementary material.
As we shall see in Sec. IV A, we also observe a "slow" contribution to the experimentally observed TOF data, which was modeled by adding a second sticking function,
Here, A slow is the amplitude and γ slow (v, J) is a parameter describing the decay with kinetic energy. More details will be given in Sec. IV B, justifying this approach.
Over the course of this paper, we refer to these three contributions as (1) the "fast channel," described by Eq. (5), (2) the "slow channel," described by Eq. (6), and (3) the "thermal background," which is discussed in detail in Sec. S.2.4 of the supplementary material.
D. Sticking probabilities from direct inversion of TOF data
For each ro-vibrational state, the background-corrected TOF distribution, I(v, J, t), can be directly inverted in accordance with detailed balance 27, 47, 56 to give a reaction probability distribution, S(v, J, E kin (t)), in numerical form
This inversion procedure does not require any assumption about the functional form of S(v, J, T s , t). By using a nonlinear least squares fitting procedure, we obtained the parameters of Eqs. (5) and (6) . Also see Sec. S. 
E. Obtaining fitting independent state-specific efficacies
Efficacies describe the relative ability of different kinds of reactant motions to promote reactivity. In the past, efficacies have been calculated for the fast channel from values of E 0 (v, J). This procedure assumes the validity of the error function, Eq. (5). We have recently introduced an alternative method of finding efficacies that is independent of any assumed form of the reaction probability -it relies on the sticking probability curves derived by direct inversion. 56 For this analysis, we first rejected data points with relative amplitude less than 25% of the maximum flux in the kinetic energy domain. This restriction excluded the slow channel contributions for this analysis. Then, by shifting the calculated reaction probability curves in translational energy,
, with respect to S(v = 0, J = 0, E kin ) for the best possible overlap, the "threshold offset," S(v, J), was derived.
The best match is defined by the logarithmic root mean square (RMS) difference between the curves, Eq. (8). The kinetic energy shift (∆S(v, J)) yielding the lowest RMS is defined as the "threshold offset" value, which is also shown in 
RMS(v, J, ∆S(v, J))
The resulting threshold offsets are presented in the supplementary material, Sec. S.5. Specific rotational and vibrational efficacies can also be defined as follows for excited states:
for v > 0 :
F. Normalization to adsorption measurements
The A(v, J) = 1 assumption described above prevents the direct comparison with theory; for that we need absolute saturation values, A(v, J). We can obtain information on the absolute values of A(v, J) from analysis of previously reported adsorption experiments, which employed heated molecular beams. 42, 47 In those experiments, the nozzle temperature and seeding techniques were used to vary both the vibrational and translational energy distributions of the reactants. In addition, the incidence angle was varied to control the normal component of translational energy. As has been previously described, 27, 42, 47 Eq. (11) relates molecular beam derived sticking probabilities, S(v s , α, T n ), to fully quantum state resolved sticking probabilities, S v,J (E n ), obtained from permeation experiments,
Here, F v,J (T n ) is the Boltzmann factor corresponding to the (v, J)-state at the temperature of the nozzle, T n . The translational energy distribution of each molecular beam is characterized 37 by a stream velocity, v s , and a width parameter, α. The contribution of hydrogen atoms present in the incident beam is included (S atoms ), which is derived from T n and the stagnation pressure of the nozzle, assuming the unit atomic sticking probability. 27, 42, 47 Also see Sec. S.7 of the supplementary material.
With the assumption that A(v, J) is independent of the quantum state, this analysis leads to an isotopologue dependent absolute value of A which can be used to make comparisons of experiment and theory.
IV. RESULTS
A. State-resolved time-of-flight distributions
Representative results are presented in Fig. 3 , where panels (a) show the measured TOF distributions and panels (b) show the corresponding kinetic energy distributions. Bimodal translational energy distributions are consistently seen. Results for experiments using both Cu(111) (black) and Cu(211) (red) show differences that are small but real. The fast channel produces products with slightly higher translational energies for the reaction on Cu(211) compared to that on Cu(111). The slow channel's behavior is independent of the facet. parameters. Open symbols reflect the reaction on Cu(211), while filled symbols refer to the reaction on Cu(111). Black symbols were derived using the Knudsen cell calibration, and red symbols were derived using an internal calibration standard. See Sec. III A.
B. Reaction probabilities from detailed balance
Reaction probabilities for dissociative adsorption were derived from distributions like those shown in Fig. 3 applying the principle of detailed balance, as described in Sec. III D. Examples are presented in Fig. 4 as closed black circles. The fast and slow reaction channels are immediately obvious. The solid lines are the dissociative adsorption probabilities for the fast (blue) and slow (green) channels represented by Eqs. (5) and (6), respectively -these are obtained by fitting to the closed black circles of Fig. 4 . Figure 4 shows that the parametrized sticking functions tabulated in the supplementary material accurately reproduce the results of the direct inversion for the indicated energy range, with the upper energy limit of the reliable direct inversion data indicated by vertical light blue lines.
Inspecting Fig. 4 , we see that the fast channel is promoted by reactant translation and for vibrationally excited molecules less translational energy is needed to achieve the same reactivity. By contrast, the slow channel is suppressed by kinetic energy while being enhanced by vibrational energy. These different "dynamical signatures" are strong evidence that two different reaction mechanisms play a role in the dissociative adsorption of hydrogen at copper surfaces at elevated temperatures. W(v, J) parameters. See Fig. 5 for explanation of symbol types and colors.
FIG. 6. Trends in the derived
C. Trends in derived sticking functions
The outcome of the data analysis procedures presented above is the constants associated with Eqs. (5), A(v, J), E 0 (v, J), W (v, J), and (6), A slow (v, J) and γ slow (v, J). The first three constants describe the sticking probability of the fast channel as an error function with a half-height energy, E 0 (v, J), and a width parameter, W (v, J). Note that A(v, J) = 1 (the limiting reaction probability at high translational energy is unity) has been assumed except where otherwise noted. The last two constants describe the slow channel by an exponential function with a low energy reaction probability, A slow (v, J), and a fall off parameter, γ slow (v, J). The complete list of derived constants can be found in Sec. S.3 of the supplementary material in a tabular form. Trends as a function of v and J, isotopologue, and copper facet can provide insights into the reaction channels and may be compared with prior work. Figure 5 shows E 0 (v, J) values, which are related to the translational energy required to overcome the average dissociation barrier height experienced by reacting molecules. Increasing the vibrational quantum number reduces the E 0 substantially, indicating that the reaction is promoted by hydrogen (9) are presented in Fig. 10 . We see that µ rot values are negative at low J, become positive at high J, and approach an asymptotic value of ∼0.5, as has been reported before. 43, 47 State resolved vibrational efficacies as defined by Eq. (10) are summarized in Table I and are generally somewhat larger (and we believe more accurate) than those previously reported. 43, 47 This analysis allows us to order the molecular degrees of freedom (translation > vibration > rotation) in their ability to promote reaction.
Additionally, we estimated the branching ratio between the two channels in our experiment. For this, we took the different angular distributions of both channels into account (see Sec. S.4 of the supplementary material) and weighted the measured signals according to the measured quantum state population distribution at 923 K. The limited number of quantum states measured reduces the accuracy of this estimate. For each crystal facet and isotopologue, we obtain a preference for the slow channel: 73% for H 2 /Cu(111), 52% for D 2 /Cu(111), 63% for H 2 /Cu(211), and 56% for D 2 /Cu(211). We take these four values as a measure of the experimental uncertainty. Thus the slow channel accounts for (63 ± 11)% of the reactivity under our conditions.
V. DISCUSSION
In this section, we discuss a comparison of our results for the fast channel with results from previous studies including a comparison to theoretical predictions. We then discuss the nature of the slow channel, which raises interesting mechanistic questions. Finally, we briefly discuss the implications of the differences in reactivity on the (111) and (211) facets of copper.
A. The fast channel and comparison to prior experimental work
There have been many studies on the dissociative adsorption of hydrogen on copper. 7,11,13,18,19,23,27,34- 47 and the D 2 results from the work of Nattino et al. 27 Green triangles show results from the work of Murphy and Hodgson. 51 The black and red symbols reflect the use of two calibration methods described in Sec. III A.
systematically lower, despite the fact that the experimental approach was nominally identical to the present one. This difference diminishes and disappears with increasing TOF, i.e., with increasing J or v. This implies that the prior work suffered an error in the TOF calibration related to the t shift value [see Eq. (2)]. Such an error affects faster molecules (small TOF) more strongly than slower molecules. This insight suggests that the present E 0 (v, J) values are more accurate than those of Refs. 27 and 47. Figure 12 shows a similar comparison of rotationally state averaged width-parameters, W (v). The values from the three studies agree within ∼15%.
B. Comparison to theoretical work
Making a precise comparison of experiment and theory is surprisingly tricky when one wishes to test the claim of FIG. 12. Comparison of W parameters obtained for Cu(111) in this work to the literature. Shown are the results for H 2 and D 2 , and the data from this study are represented by black squares and red points, corresponding to the two calibration methods, as shown in Fig. 6 . Literature results were averaged over the reported rotational states, and the data for 900 K from the work of Murphy and Hodgson 51 are given as green down triangles. The blue up triangles show the results reported by Rettner et al. 47 (H 2 ) and by Nattino et al. 27 (D 2 ). J. Chem. Phys. 148, 194703 (2018)   FIG. 13 . Selected results from Díaz et al. 19 compared to our experimental data. Shown are the reaction probability curves of H 2 /Cu(111) for two quantum states: v = 0, J = 1 (black and blue) and v = 1, J = 1 (red and green). Theoretical curves (black and red lines) are on an absolute scale, and the experimental results (blue and green) were scaled in two ways. In panel (a), the experimental data were scaled to be equal to the theoretically predicted reactivity at the highest energies of the experiment. In panel (b), the scaling relies on normalization to molecular beam adsorption experiments. The experimental results of this work (points) are also compared to an error function fit (dotted lines).
chemical accuracy of theory. Figure 13 demonstrates the problem. The green and blue points show our derived dissociative adsorption probabilities as a function of incidence translational energy for two representative quantum states of H 2 . These are obtained by the direct inversion of the TOF data. In panel (a), the data have been scaled to match the absolute sticking probability predicted from theory at the highest energies to which the experiment is sensitive. When the experimental results are scaled in this way, the agreement with theory is excellent. Panel (b) shows the absolute sticking probabilities obtained by scaling to molecular beam adsorption results, as described in Sec. III F. Here the agreement is also good -the absolute reaction probabilities agree within about a factor of two over the energy range probed. One might argue that panel (b) is a more reliable means of deriving experimental absolute sticking probabilities; however, in our opinion, this is not clear.
There are potentially significant differences between the molecular beam adsorption and the permeation-based desorption experiments. For the molecular beam experiment, the normal incidence energy is controlled by varying incidence angle and interpreted on the basis of normal energy scaling. In permeation, all measurements are done at normal incidence and there is no need to invoke normal energy scaling. This means that identical incidence energies in both experiments do not correspond to the same incidence angle. On the other hand, since normal energy scaling has been demonstrated in this system, it would be surprising if this were a major problem. Perhaps a more important difference is that the molecular beam studies were performed with a copper surface at 120 K, whereas the permeation work used a sample of copper at 923 K. Theory predicts little or no surface temperature influence on the reaction probability, suggesting this difference in experimental conditions is unimportant. However, this prediction of theory has yet to be confirmed experimentally; thus, it cannot be ruled out that the reaction probability at high incidence energy is dependent on the surface temperature. If this were the reason for the differences in scaling in panels (a) and (b), it would imply that the dissociative adsorption probability at high incidence energy goes down with increasing surface temperature. Finally, the influence of hydrogen vibration on reactivity derived from molecular beam adsorption experiments assumes a thermal vibrational population. If some vibrational relaxation were to occur in the formation of the supersonic beam, the derived sticking probabilities would move in the direction of the panel (a) scaling. However, test calculations like those presented in Sec. III F assuming that the v = 1 thermal population is reduced four-fold increase the A-factors by only 50%. In conclusion, while we find no reason to reject the scaling of panel (b), we may take these two different scaling approaches as a conservative measure of the uncertainty in the experimental determination of absolute sticking probabilities.
Díaz et al. 19 developed an alternative approach where theoretical E 0,theo (v, J) values are compared to experimental ones, E 0,exp (v, J). Here, E 0,theo (v, J) values are defined as the energies at which the theoretical reaction probability equals the experimentally derived reaction probability at E 0,exp (v, J). Of course, this comparison also depends on the scaling of experimental reaction probabilities illustrated by Fig. 13 . Figure 14 shows the comparison of E 0,exp (v, J) to E 0,theo (v, J) for both scalings shown in panels (a) and (b) of Fig. 13 . Figure 15 shows yet another comparison of experiment to theory. Here, we compare the theoretical sticking probabilities obtained with the Born-Oppenheimer static surface (BOSS) model (orange lines) as well as those from ab initio molecular dynamics (AIMD) simulations (pink lines) 27 to experiment and present the results on a logarithmic scale.
FIG. 14. Comparison of theoretical and experimental E 0 (v, J) parameters. Those obtained for Cu(111) in the present study are shown as black and red symbols (see Fig. 11) . Theoretical values 19, 27 are presented for two scaling methods illustrated in Fig. 13 : the blue open diamonds result from the scaling shown in panel (a) of Fig. 13 and the green open diamonds from panel (b) .
FIG. 15.
Illustrative reaction probability curves compared to theoretically derived curves of Nattino et al. 27 As in Fig. 4 , data from the present study are shown as black points, with the fast (blue) and slow (green) channel contributions shown as lines. Theoretical results from the work of Nattino et al. 27 are shown as orange (BOSS) and magenta (AIMD) lines. Our experimental results were scaled using the method illustrated in panel (a) of Fig. 13 .
We employ the scaling method which minimizes the disagreement between experiment and theory, as has been described above and presented in panel (a) of Fig. 13 . The BOSS results fall-off faster with decreasing kinetic energy than does experiment. Using AIMD to simulate the thermal copper atom motion's influence on the reaction brings theory closer to experiment. Neither approach captures the slow channel. The failure of theory to describe the slow channel remains the most important unanswered question in the hydrogen copper reaction.
C. The slow channel
Hou et al. first observed a slow channel -see Fig. 1 51 a year later. The desorption flux from the slow channel (3% of the fast channel) was much smaller than (63 ± 11)% seen here but exhibited a positive surface temperature dependence. 51 Direct measurements of sticking probabilities have not revealed a slow channel -for example, sticking probabilities of 10 5 -10 6 at E i ∼ 70-200 meV, 33, 38, 41 were reported at surface temperatures of 120 38, 41 and 190 K. 33 This is 100× smaller than that shown in Fig. 4 of this work. The strong temperature dependence to the reaction probability reported by Murphy and Hodgson 51 might explain why the slow channel could not be seen in those studies. In prior permeation experiments lacking state specific detection, Comsa and David 30 reported no slow channel. Also using permeation, Rettner et al. 47 performed a direct inversion analysis similar to Fig. 4 but reported no results below 0.2 eV, possibly due to difficulties encountered when subtracting thermal background. Their H 2 (v = 1) data perhaps show hints of a slow channel below 0.2 eV (see Fig. 6 of Ref. 47) . It is possible that there is some difference in the experimental conditions of our study that allows us to detect the slow channel more easily, e.g., copper membrane thickness might be important and was different than previous studies. It is also possible that mundane improvements to background levels and quality of the field-free region explain our ability to see the slow channel so easily.
Our results show that the slow channel exhibits unusual dynamics compared to other hydrogen dissociative adsorption reactions. The most probable reaction occurs in the limit of zero incidence translational energy. In sharp contrast to this trend, the reaction is strongly enhanced by reactant vibration. While there are examples showing vibration to be more effective in promoting reaction than is translation, the efficacy for the slow channel is negative -vibration dramatically promotes reaction, while translation suppresses it.
One interpretation consistent with these unusual observations involves the reactant first becoming trapped on the surface and subsequently passing over or tunneling through a substantial barrier that would be -in the language of Polanyi -"late." Such a reaction mechanism is possible over a wide range of incidence angles; by contrast, the fast channel reacts most favorably only for a narrow angular range of incident reactants. Trapping can also lead to longer effective reaction times compared to the direct "fast channel" reaction. Still, adsorption lifetime must be short enough to limit vibrational equilibration, otherwise vibrational promotion would not be observed. A recent study showed that vibrationally excited physisorbed molecules can have a vibrational relaxation time of more than 100 ps. 66 This is long enough that some change in the surface morphology through copper atom motion could be important. This might involve thermal fluctuations producing adsorbed Cu adatoms or some other surface defects. It could even include distortion of the metal atom lattice to allow the formation of a subsurface H atom. Mechanisms like this would be expected to exhibit substantial temperature dependence.
D. The dependence of hydrogen recombination on surface structure
One of the initial goals of this study was to report the first permeation experiments employing Cu(211), a surface that has a large density of steps, commonly believed to be more reactive than terraces. Indeed, there are many reports where reactions at steps are orders of magnitude faster than reactions at terraces. [67] [68] [69] [70] [71] [72] In this work, we observe systematically higher E 0 (v, J) values (by 30-130 meV) for the fast channel reaction on Cu(211) compared to Cu(111). This is consistent with a recent study by Füchsel et al., 52 who reported molecular beam adsorption measurements and complementary theoretical calculations, showing that the Cu(211) facet is less reactive than Cu(111).
VI. SUMMARY AND CONCLUSIONS
In this work, we studied the recombinative desorption of three hydrogen isotopologues from the (111) and (211) surface facets of copper. Via the principle of detailed balance, we used these observations to quantitatively and comprehensively characterize the dissociative adsorption reaction. Comparison to previous results for the hydrogen/Cu(111) system 39, 43, 47 used heavily for comparison to theory reveals small but significant differences. Due to an improved energy calibration in the current setup, the results presented here are thought to be more accurate and thus serve as an improved benchmark for theoretical work, 19, 20, 27 which describes the reactivity of the fast channel for Cu(111) within "chemical accuracy."
We also compared the reactivity on the (111) surface to that of the (211) surface and surprisingly found relatively small differences. It appears that average reaction barrier heights on the (211) surface are slightly higher than those on (111), but the distribution of barrier heights is broader. Finally, we clearly show that associative desorption of hydrogen on copper occurs through a second channel characterized by unusual dynamics with significant flux. This so-called "slow channel" occurs with highest probability for reactant molecules approaching with zero kinetic energy, but it is also strongly enhanced by reactant vibration indicating that a substantial barrier must be overcome or tunneled through. We speculate that this reaction mechanism involves trapping of the reactant to the surface and that the lifetime of the trapped species is long enough to allow the formation of a reactive site with surface atoms far from their equilibrium positions due to thermal fluctuations of the copper lattice.
SUPPLEMENTARY MATERIAL
See supplementary material for a more detailed description of the experimental apparatus and methods. Further included are tables of the presented results as well as angular desorption distributions and results of temperature dependent measurements.
